Ab4t'uw.t -Thanks to the progress in chemical and enzymatic methodologies, and to the use of high-resolution NMR spectroscopy the primary structure of hundreds of glycoprotein glycans has been determined. The knowledge acquired in this field has been decisive in the elucidation of the mechanisms of glycoprotein biosynthesis and of their regulation, and in a better understanding of their biological roles. In this connection, the determination of the spatial configuration became a necessity. Ten years ago, future results were anticipated by building the Y-shaped molecular model of a biantenmary glycan. Little by little, this structure has been refined and modified thanks to experimental data obtained by using physical methods : X-ray diffraction, EPR, NMR, including two-dimensional NMR and onedimensional 1H-nuclear Overhauser effect (NOE) experiments, neutron scattering and hard-sphere CXO-anomeric (HSEA) calculations. So, the concept evolved successively from the Y-, to the T-, the bird-and the 'broken wing"-conformation, until the demonstration that these conformers are interconvertible. The birdconformation as well as the concept of the mobility of antennae are in a good agreement with the reactivity of lectins, including membrane lectins, by rendering accessible any specific sugar structure, and with the activity of glycosyltransferases by making attainable the substituable hydroxyl groups even in the case of pentaantennary structures. In the same way, we know now that the tetraantennary glycans adopt an "umbrella conformation" in which the four antennae are disposed parallely to the protein surface and act as protective shields. So could be explained the resistance towards proteases and the weak antigenicity of numerous glycoproteins as well as the peculiar behaviour and resistance of metastatic cancerous cells since it has been recently demonstrated that membrane glycoproteins and fibronectin of this kind of cells are significantly enriched in tn-and tetraantennary glycans.
INTRODUCTION
Ten years ago, in a lecture delivered at the 7th International Symposium on Carbohydrate Chemistry organized at Bratislava by Stefam Bauer, I reviewed (Ref. 1) our knowledge concerning the primary structure, the metabolism and the biological roles of the carbohydrate moiety of glycoproteins. At that time, the situation was as follows : the primary structure of about a dozen of glycans had just been determined, the first informations about the biosynthesis and the catabolism of glycans of N-glycosylproteins were available and nothing was known of the spatial conformation of glycans. However, the concept of glycans as recognition signals was already firmly established thanks to the discovery by Ashwell's group of the membrane lectins.
Ten years later, it is of interest to draw the general features of our knowledge in the field of glycoprotein structure and conformation, and to look backward the way which has been followed during the past decade.
For a long time, carbohydrates have been considered as reserve substances, energy-storage compounds and support structures and regarded as entirely devoided of any "biological intelligence". But, during the last 15 years, the chemistry and biochemistry of glycoconjugates -which result from the covalent linkage of a sugar moiety called glycan with a protein (glycoprotein) or a lipid (glycolipid)-have acquired an importance as great as that of proteins and nucleic acid because of the tenacity and trust of a few scientists who were firmly convinced that the knowledge of the metabolism and of the molecular biology of glycoconjugates was based on the knowledge of the primary structure of glycans. Thanks to the improvement of chemical, physical and enzymic approaches they developed, the chemistry of glycoproteins progressed rapidly, leading to the determination of the primary structure of several hundreds of glycans which made possible the knowledge in detail of the mechanisms of glycan biosynthesis and catabolism (for reviews, see Ref. 2 to 18).
J. MONTREUIL
We have now crossed"the shores of the great unexplored continent" announced by A. Gottschalk in 1973 : that of the molecular biology of glycoproteins. We have now to understand the biological message the glycans carry and to answer two questions. First : why are proteins glycosylated ?. Second : how act the glycans L) in the protection of the peptide chain against proteolytic attack, U) in the induction and maintenance of protein conformation, (U) in the decrease of immunogenicity of proteins, Lu) in the mechanism of recognition and association with viruses, with enzymes during the glycan biosynthesis, and with lectins -particularly with membrane lectins, u) in the intercellular adhesion and recognition and in cell-contact inhibition ? Moreover, we know now that the glycan structure of the cell membrane glycoconjugates is profoundly altered in cancer cells, as revealed by the use of lectins. This molecular transformation could be related to the appearance of surface neoantigens and could be a factor of cancer induction and metastatic diffusion.
These problems cannot be solved only on the basis of primary structure of the glycans but also on the basis of their spatial conformation. Unfortunately,up to the 1980's, our ignorance about this latter was immense and our knowledge was essentially restricted to the structure of the human IgG crystallisable Fc fragment explored by X-ray diffraction by Deisenhofer and Huber (Ref. 18 to 23) . This situation was due to the difficulties encountered in obtaining crystals of glycoproteins and of glycans, the X-ray diffraction being at that time the absolute arm for determining the spatial conformation of molecules. However, in the last few years, our knowledge rapidly progressed thanks to the improvements of the organic synthesis of glycans which solved the problem of quantity and of purity of these compounds, on the one hand, and thanks to the development of the physical methodologies, in particular, of the n.m.r. techniques, on the other hand.
Thus, after a long period of slow development, the research on glycoconjugates suddenly explosed during the last decade, simultaneously in the fields of primary structure, spatial conformation, normal and pathological metabolism and molecular biology. In this connection, the following title of a review of Nathan Sharon and Halina Lis (Ref. 10 ) perfectly reflects the situation : 'Glycoproteins : research booming on long-ignored, ubiquitous compounds".
CONFORMATION OF THE PROTEIN MOIETY
Our knowledge of the spatial conformation of glycoproteins as a whole is still too limited to draw general laws. However, fundamental informations have been brought about the configuration of the peptide chain around the glycan-amino acid linkage to which I shall focuse this short review.
It is now well established that the existence of key peptide sequences called qLLov16 (Ref. 24) , around the glycan receptor amino-acid, is a prerequisite feature for glycosylation of a protein. For example, the tripeptide sequence Asn-X-Ser(Thr), where X can be almost any amino-acid, except proline, is the prerequisite for N-glycosylation of proteins. However, as sequons of certain peptide chains are sometimes not glycosylated, their presence is not a sufficient condition for glycosylation. Recently, a second requirement for carbohydrate attachment to proteins has been defined which is associated with a specific secondary structure of the polypeptide chain : the -tLUtn. In fact, by applying predictive methods (Ref. 25) to amino acid sequences adjacent to the glycosylated sites of numerous glycoproteins, Aubert and Loucheux-Lefebvre (Ref. 26 & 27) and Beeley (Ref. 28 & 29) demonstrated that glycans are located in amino-acid sequences favouring turn or loop or hairpin structures (Fig. 1) . Most are in tetrapeptide s-turns. These turns consist of only 4 amino-acids enabling a polypeptide chain to reverse by nearly 1800, this conformation been maintained by a hydrogen bond between the CO function of the first amino-acid of the tetrapeptide and the NH function of the fourth amino-acid. Asparagine, serine and threonine are especially abundant in these regions. Thus, the glycosylation by enzymes may be favoured as turn and loop conformations are generally located at the surface of globular proteins, making the receptor amino-acids readily accessible to glycosyltransferases (Ref. 30) . In addition, proofs have been obtained that the carbohydrate moieties are located on the outside of glycoprotein molecules. This result is in a good agreement with the role of recognition signals played by numerous glycans. Moreover, it is possible that the protection against proteolytic attack may be due to the masking of turns and loops by the glycans acting as protective shields. The poor immunogenic activity often observed with glycosylated proteins could be also related to this masking. This opinion is reinforced by the molecular model given in Fig. 19 .
However, it seems that the presence of the required sequons located in s-turns is not a sufficient condition for glycosylation. In fact, the knowledge of the complete primary peptide sequence of some glycooroteins leads to the conclusion that the double concept of the sequon and of the s-turn must be completed by an additional one, because certain glycoproteins possess residual unglycosylated sequons located in s-turns. For examDle, even though the human lactotransferrin peptide chain contains three Asn-X-Ser(Thr) sequons in 
STRUCTURE OF GLYCOPROTEIN GLYCANS
The knowledge we now possess of the structure of numerous glycans raises a very exciting problem from a comparative biochemical point of view and entirely confirms the concepts I developed since 1962 (Ref. 1, 32 & 33) . In fact, glycan structures are not randomly constructed. On the contrary, they are subject to laws the bases of which are found in the specificity of glycosyltransferases and in a conservative evolution of these enzymes. In this connection, the survey of all the glycan structures determined up to now shows that they may be divided into families, within each of which, structures are very similar and present common oligosaccharide sequences,whether they originate from animals, plants, microorganisms, or viruses. Consequently a series of classes, concepts and rules is now firmly established, including the sugar-protein linkage.
Nature of linkages between glycans and proteins Glycans are conjugated to peptide chains through two types of primary covalent linkages N-glycosyl and 0-glycosyl linkages, leading to the definition of two classes of glycoproteins : N-glycosylproteins and O-glycosylproteins (Table 1) . so called proteoglycans, except in two cases : -L) that of hyaluronic acid which does not seem to exist as a proteoglycan -U) that of keratan sulfate I which is conjugated to the protein through an N-acetylglucosaminyl-asparagine linkage. Gcctn ojaga,ed tIvwagh a GaNAcc1-3)Se,'i 0/i TIVt LLntaaga. This group mainly comprises structures consistingofmucins and these glycans are often designated as nac,Ln-tL(a structures. Some of these structures are described in Fig. 4 . The main observation which could be formulated about these structures is the lack in structural specificity of numerous of them. In fact, the same structures can be found in glycoproteins of very different origins and roles. So, they could be regarded as structures playing essentially a role of a physicochenical order and intervening essentially in the conformation of the peptide chain. In this connection, it is worthwhile to note that this kind of glycans is often located in "strategic" domains of the protein moiety, for example, in the hinge region of immunoglobulins.
Gal(1-4)GlcNAcU31-6( 4. Glycan structures present in N-glycosylproteins. The N-glycosylproteins are divided into three families according to the nature of the carbohydrate linked to the pentasaccharidic inner-core D (Fig. 2 ). In the first family, the glycans contain mannose and N-acetylglucosamine only. They are called glycans of the oLLgomannoS-LdAic 4jpe or hLgh-rnctnvws type glycans. In the second family, the sugar composition of glycans is more complex. In fact, these glycans contain galactose, fucose and sialic acids in addition to mannose and N-acetylglucosamine. They derive fundamentally from the addition to the pentasaccharidic inner-core D of a variable number of N-acetyllactosamine residues : Gal(1-4)G1cNAc. These structures have been called glycans of the N-cae)tyP1ctC)tO4CinLne type. or of the eOrnpeX. type. In the third family, the glycans simultaneously have structures of the oligomannosidic and of the N-acetyllactosaminic type. They belong to the type. or hybzLd type. glycans.
G4jcctvi4 o th oLLqornctvivio-Ld,Lc tpe (,Lqh-mcu'ivto type). The glycans of the oligomannosidic type constitute a very homogeneous group. In Fig. 5 are given the structures of the two
Man (o1-6) glycans, the most widely distributed in plants and animals. These structures are common to numerous glycoproteins of different origins and roles and, thus, do not present any structural specificity. On the basis of the findings concerning the biosynthesis of the N-glycosidically linked glycans, they could be regarded as metabolic intermediates in the maturation of the glycans of the N-acetyllactosaminic type as shown in Fig. 6 (For reviews, see Ref. 7, 9, 10, 12, 14-16 & 35) . However, this cannot be considered as their only role.
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1Man(al-6) h1jbLd type. These structures are considered as intermediates in the biosynthesis of the glycans of the N-acetyllactosaminic type (see Fig. 6 ).
Conclusion
The survey of the structures we described shows that the substitution of monosaccharides taking part of a glycan structure conforms to a certain orthodoxy which is very restrictive, the basis of which is found in the specificity of glycosyltransferases and in a conservative evolution of these enzymes. In fact, the possibilities of substitution of a given sugar Fig. 12 ) and rigid due to hydrogen bonds. The second part is looser and made up of the two antennae constituted of the trisaccharide NeuAc(a2-6)Ga1()31-4)GlcNAc(31-2). It corresponds to the VcVL structure attached to the inner-core and carries the biological activity.
Of course, when I proposed the Y-shaped model, I had the choice between different conformations, but I preferred the Y-conformation because, at that time, one still believed that lectins, including membrane lectins discovered in 1968 by Morell and Ashwell ( for reviews, see Ref. 48) , were able to recognize and to bind only the monosaccharides in a terminal non-reducting position. Thus, the Y-conformation was in a good agreement with this concept.
The T-conokrnwtLovi. During the past 10 years, the Y-conformation was revisited and little by little refined on the basis of experimental data . For example, using X-ray diffraction studies, we brought in 1978 (Ref. 49 ) the first modification and proposed the T-coviouaatLon (Fig. 11B ) in which the a-1,3 antenna is disposed perpendicularly in relation to the n-1,6 antenna. In fact, the X-ray diffraction pattern of crystals of the trisaccharide Man(ml-3) Man()31-4)G1cNAc isolated from urine of mannosidosis showed that the a- . 65) , authors proposed the model described in Fig. liD, I suggested to call bo!zen-wLng conoiunatLon. In this utmost conformation which takes advantage of the large angle of rotation of the c-1,6 linkages (see below), the m-1,6 antenna folds back towards the protein backbone and sets along the inner-core. According to carver et a&. and D3-B Man(o1-2)Man(c1-6) are in an extended-conformation and the -i-p2 part of the molecule is in close proximity of the di-N-acetylchitobiose unit and folds back towards the peptide chain.
2. Are extended conformations compatible with the properties and biological behaviour of glycans and glycoproteins ? lnteJLctc,tLon wAik £eetth4. As I mentioned above, the extended conformations of glycans seem to be far from the concept of the terminal monosaccharides as recognition signals. But, we know now that lectins could recognize and bind "laterally", and not 'terminally", mono-or oligosaccharides in an LntAna,e position. For example, as demonstrated by Kornfeld and Ferris (Ref. 67) , the most active part towards comA of an N-glycosidically linked glycan is not constituted of an a-mannose residue in a terminal position, but of the disaccharide GlcNAc(1-2)Man(m1-3 or 6). Thus, the glycans in an extended conformation provide good targets for recognition by other proteins in general, by lectins in particular.
AacebLLL4j to eJIZyneS. The extended conformations are the most satisfactory ones from the point of view of the glycan biosynthesis because all smbstitutabie hydroxyl groups are readily accessible to glycosyltransferases, as shown by the following examples 1°) Substitution of c-4 of the )3-mannose residue by a bisecting N-acetylglucosamine, like inhuman IgG ( Fig.1O ; Structure 3 ). This residue interacts with the two ct-mannose residues 4 and 4' and covers in particular a wide area of the surface of G1cNAc(iBl-2)Man (cti-3)Man(31-) unit (Ref. 57 & 64) , thus explaining -L) the shifts of the H-i of the three mannose residues observed in NMR (Ref. 11 & 18) ; ü) the non-reactivity with con A of this kind of glycans because of the steric hindrance induced by the bisecting N-acetylglucosamine residues LU) the inhibition of certain glycosyltransferases (Ref. 35 & 68 LG20G2 uq ;am çpe gcecmrqo dLarsbe a;
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So could be explained the resistance of certain glycoproteins and their weak antigenicity, glycans acting as protective shields. Moreover, the umbrella conformation of glycans is solidly maintained by ionic bonds between the electronegative charges of sialic acid residues and electropositive charges of basic amino acids, as demonstrated by the smallangle neutron scattering study of Li t aL. (Ref. 71) . Removal of sialic acid residues, by making the antennae free and consequently mobile, abolishes the protective effect of glycans, so rendering the protein more antigenic and accessible to proteases.
If such structures are present in viral envelopes, one can appreciate at what level the viruses have brought the art of the camouflage and understand how the glycans may play a role in masking or altering the nature of the protein's antigenic sites and, hence, play a role in the process by which the viruses could escape recognition by the immune system. The possibility that glycans modulate recognition of viral proteins by the immune system is discussed in a paper of Wiley t al. (Ref. 73) .
The protective effect that play the glycans towards the protein moieties could also explain the peculiar behaviour and resistance of metastatic cancerous cells since we know now that the membrane glycoproteins of cancerous cells are significantly enriched in tn-and tetraantennary glycans as demonstrated by several authors (Ref. 58, [74] [75] [76] [77] [78] [79] [80] . Table 2 clearly illustrates this fact. Moreover, the new glycan structures carried by the metastatic cells could explain the tissue specific localization of the latter by specific lectin recognition. (Table 3 ). This transformation is accompanied by an increase of the sialylation. The profound modifications we observed could be related -L) to the loss of reactivity of the protein moiety of the fibronectin by masking the lectin-sites, £L)to the disappearance of fibronectin from cancerous tissues and LU) to the mechanism of metastasis itself. Lv) on the contrary, the a-1,3 antennae have no contact with the surface of the CH2 domain but do interact with each other between the G1cNAc-5 residue of the one chain and the GlcNAc-2 and Man-3 residues of the other chain, and it therefore appears that they are responsible for maintaining the disposition of the two CH2 domains.
Concerning the interactions between glycans and hydrophobic amino acids, it is of interest to note that the terminal trisaccharide of the inner-core is relatively hydrophobic because of the presence of the two N-acetylglucosamine residues carrying acetamido groups and of the two-and sometimes three-fold substituted -mannose residue. The hydrophobicity of the trisaccharide is still more enhanced when the N-acetylglucosamine-1 residue is fucosylated. Thus, it is not unreasonable to presume that this hydrophobic part of glycan could interact with hydrophobic regions of the protein moiety. Its flat structure (see Fig. 12 ) could be related to this property.
3. Conformational changes of glycans. Mobility of the antennae. Glycan structures must not be considered as rigid conformations, because when they have a certain degree of freedom, for example, when they present no carbohydrate-carbohydrate or carbohydrate-protein interactions as it is the case for glycans or glyco-oligopeptides in solution. In fact, glycans present points of flexibility leading to a relative mobility of the antennae due to the rotation of the rigid pyranose rings around the two bonds attached to the glycosidic oxygen. The rotation is limited in the case of 1 -*2, 1 --3 and 1 --4 linkages, thel -3-linkage being considered as the most rigid one. On the contrary, the 1 -6 linkages are more flexible because of the additional rotational freedom.
In the case of biantennary structures of the N-acetyllactosaminic type ( Fig.1O ; structure 2), the most important point of flexibility is located at the ct-1,6 bond linking the mannose-4' residue to the mannose-3 residue explaining that the Y-, T-, bird-and broken wingconformers are interconvertible as demonstrated by the following series of experiments Low anqP X-Jicui at,'ivtg ctvid tez actwt o a LcLaL g?4aoconj ate1. Gallot e aL.
(Ref. 59) showed that the glycan moiety of synthetic glycopeptides in aqueous solution adopts a bird-or a Y-shaped conformation depending on the molecular weight of the polypeptide block and on the concentration of the glycopeptide, molecular weight of the polypeptide between 2,000 and 3,500 and high concentration favouring the Y-conformation.
In the same way, Gallot et aL. (Ref. 82 & 83) synthesized amphipatic liposaccharides by coupling glycoamino acids with fatty acids containing from 8 to 24 carbon atoms. Mixtures of these glycolipids and of phospholipids lead to the formation of long and parallel lamellar structures, glycans and water filling the space between the layers. As long as the CH2 glycolipids are in small quantity in the ternary system glycolipid/phospholipid/water, the glycan takes up a bird-conformation. When the quantity is high, it becomes Y-shaped.
Eeex,tiwvi paJtcLmcLgvLet(ic )Leovlctvice oj pLn-&tbe11ed gctno. The internal degree of freedom of rotation in space of the antennae has been pointed out by am electron paramagmetic resonance study by using spin labelled bi-and triantennary glycans (Ref. 84) . Spin-spin interactions originating from collision effectabetweem probes have been demonstrated. The interactions were higher in the case of triantennary structures. The addition of ComA reduced the mobility of the probe bound to the biantennary glycams which are able to bind ComA. It does not affect the spin-labelled triantennary glycanswhich are well known to be unable to associate with ConA.
SnictU-w'ig viewtiiovi cattvuinq stud ohuincrn aj-ac,Ld gegcopwte,Ln has shown that also in the case of tetraantennary structures all antennae are mobile and able to adopt an 'umbrella-conformation" (conformer (c) of Fig. 17) or a "reversed umbrella-conformation" (conformer (b) of Fig. 17) (Ref. 71) .
Concluding remarks
The above data bring out the fundamental role that plays the mannotriose core in the conformation of glycans of N-glycosylproteins. In this connection, it is amazing to note that all "strategic" branching points systematically associate a rigid 1,3-linkage with a mobile 1,6-linkage as shown in Fig. 21 tation of a T-shaped 1,3-bond with a highly flexible and mobile 1,6-bond ? Probably in order to favour, when necessary, an extended conformation of the antennae which favours itself L) the occupation of their "vital space" by the glycans U) the interaction of the glycans with their own protein ; LLL) the glycan-glycan interactions Lv) the action of enzymes ; v) and/or the recognition of glycans by receptors.
CONCLUS IONS
Ten years ago, I wrote as a conclusion of my report entitled "Recent data on the structure of the carbohydrate moiety of glycoproteins. Metabolic and biological implications" "At the end of this brief review, we can conclude that the problem of determination of the primary struture of glycans is virtually solved. However, it remains to miniaturize the procedures in order to extend their application to very small quantities of biological substrates.Thus, we can look forward and claim that the future belongs to Biophysics the role of which will be to determine precisely the spatial arrangement of glycans and the conformation of glycoproteins in order to understand the mechanism of their action. The most exciting and marvellous age of the history of glycoproteins starts right now".
Ten years later, we can claim that the problem of determination of the primary structure of glycans is actually solved. The procedures have been miniaturized and applied to the study of cell membrane glycoproteins. In this field, the introduction of high-resolution NMR has been a decisive event. In fact, this procedure is rapid, non-destructive and very sensitive since it requires amounts of glycans varying from 25 to 100 micrograms only.
In the sane way, the recent intervention of the Biophysicistsleadto the definition of the spatial morphology of glycans and to the concept of their steric conformational changes fitting to the role they have to play. In fact, experimental results obtained in the past two years by exploring the spatial conformation of glycans through physical methods X-ray diffraction, nuclear magnetic resonance, electron paramagnetic resonance and smallangle neutron scattering, led to the fundamental finding that the antennae, which support the biologically active part of the glycans, are not rigid formations at all. On the contrary, they must be considered as flexible and mobile parts of glycan molecules solidly planted on the rigid arm constituted of the terminal trisaccharide linked to the peptide chain. In fact, the trisaccharide arm probably fixes in part the conformation of the glycan, preventing the twist of the whole molecule, due to the relative rigidity of the G1cNAc-Asn linkage (Ref. 86) . So could be explained why glycoasparagines are often more potent inhibitors of haemagglutination by certain lectins : for example, the relative amounts of glycan required to inhibit red cell agglutination by VLCAict ctbct agglutinin is 8-fold higher than for the corresponding glycoasparagine (Ref. 58 ).
The concept of the antennae changing their conformation according to the environment fits perfectly with the concept of glycans acting as recognition signals. Moreover, the double character of rigidity and flexibility of glycans may be central to the biological role of the carbohydrate moiety of glycoproteins.
